Abstract Lesions of the proximal long head of the biceps tendon (LHB) have been considered as a major cause of shoulder pain and dysfunction. The role of the LHB in causing pain has been a source of controversy for many years, and extensive literature is available discussing anatomy, function, pathology, and most importantly appropriate treatment. Despite this, there is a lack of consensus in the literature regarding the management of biceps-related pathology. Biceps tenotomy and tenodesis are common surgical treatment options when dealing with LHB-related pathology. In this review, a brief discussion on surgical options is provided while focusing on the different options for biceps tenodesis including outcomes and complications.
Introduction
Lesions of the proximal long head of the biceps tendon (LHB) have been considered as a major cause of shoulder pain and dysfunction [1] [2] [3] . The role of the LHB in pain generation has been a source of controversy for many years and as a result, extensive literature is available discussing anatomy, function, pathology, and most importantly appropriate treatment [3] [4] [5] [6] [7] [8] [9] [10] [11] . The main focus of this article will be to review different options of LHB tenodesis and their clinical outcomes.
Anatomy
The LHB tendon originates from the glenoid labrum at the supraglenoid tubercle, travels through the bicipital groove in the proximal humerus and eventually terminates in the lateral head of the biceps muscle. The exact location of proximal labral attachment varies, but is usually in the posterior portion of the superior labrum [12•, 13, 14] . The intra-articular portion passes over the head of the humerus before entering the bicipital groove, when it becomes the extra-articular portion. The LHB is an intra-articular structure that is essentially static within the joint but moves dynamically within the bicipital groove [3] . The intra-articular portion of the LHB tendon is partially stabilized by the biceps reflection pulleys, which consist of the superior glenohumeral ligament (SGHL), the coracohumeral ligament, the transverse ligament, and the deep fibers of the subscapularis and supraspinatus tendons [5, 12•, 15] .
Function
The function of the LHB has long been a source of controversy. Historically, some biomechanical and cadaveric studies suggested that the LHB was a dynamic depressor of the humeral head, but this has not been demonstrated by clinical and electromyographic studies [7] [8] [9] [16] [17] [18] . Others suggested that the LHB serves as a glenohumeral joint stabilizer in the unstable shoulder but not in the stable shoulder. However, the This article is part of the Topical Collection on Outcomes Research in Orthopedics * Ryan T. Bicknell rtbickne@yahoo.ca magnitude of this function is likely to be small [7, 10, 11, 19] . Finally, some authors have considered it a purely vestigial structure with no true function at the glenohumeral joint [3, 6] , which is the most commonly held theory in recent years.
Pathology
The symptomatic LHB tendon may be affected by both intrinsic and extrinsic factors. Intrinsic factors are rare and include tendinopathy, subluxation or dislocation, and partial or complete tears. Pathology of the LHB is more commonly associated with extrinsic factors, including abnormalities of the rotator cuff, labrum and glenohumeral arthritis in up to 90 % of cases [3, 5, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . All of these extrinsic factors may eventually lead to intrinsic pathology of the LHB.
Diagnosis
A comprehensive history, physical examination, and imaging are important in the diagnosis of a patient with a suspected abnormality of the LHB, or more commonly extrinsic causes, that may be leading to biceps symptoms. Patients usually complain of pain at the anterior aspect of the shoulder directly over the bicipital groove. Pain is common at night and with shoulder rotation, particularly with the arm in abduction. Also, pain may radiate distally with occasional parasthesias and mechanical symptoms with shoulder rotation [3, 30] .
On examination, tenderness with subluxation of an unstable tendon rolling in the bicipital groove is very common [3] . Special tests such as speed, Yergason tests, and O'Brien's tests all have a poor specificity that can be improved if used together [31, 32] .
Imaging involves tests to rule out other associated pathology. However, for assessment of the LHB, ultrasound has high degree of specificity but with a limitation of operator dependency [3, 33] . Other modalities such as CT scan or MRI can be used but have poor correlation with arthroscopy. Recently, the gold standard is CT/MR arthrogram [34•, 35•] .
Treatment
Conservative treatment consisting of rest, physical therapy, oral NSAIDS, and by ultrasound-guided corticosteroid injections administered either through the glenohumeral joint, which is continuous with the LHB sheath or into the LHB sheath itself, as well as treatment of any associated pathology, should be considered initially. The exceptions for this approach may be those with symptomatic LHB instability or in the presence of a concomitant reparable rotator cuff tear [36] , where this approach may be less successful. For patients who fail conservative treatment, operative intervention is indicated. Biceps tenotomy and biceps tenodesis are two procedures that can be considered based on patient age, athletic participation, employment, hand dominance, and concern over cosmesis [37] [38] [39] [40] [41] . LHB tenodesis can be performed open or arthroscopic either within the groove (suprapectoral) or subpectoral.
The following sections will discuss the described techniques, fixation methods, and clinical outcomes following LHB tenodesis.
LHB tenodesis techniques
Several techniques for LHB tenodesis have been described. They all include diagnostic arthroscopic evaluation of the glenohumeral joint to assess for any associated pathology and the integrity of the biceps anchor, the biceps pulleys, and the tendon itself. An arthroscopic tenotomy is performed, regardless of technique. This is usually performed initially, prior to tenodesis, however some techniques advocate performing the tenodesis technique prior to LHB tenotomy.
Open subpectoral LHB tenodesis
After an arthroscopic evaluation of the LHB tendon during the diagnostic shoulder arthroscopy, the tendon is tenotomized. The open tenodesis technique described by Mazzocca et al. [42• ] is commonly used. For the mini-open incision, the head of the bed is lowered from the beach-chair position to 30°. The arm is abducted, and the inferior border of the pectoralis major tendon is palpated. A 3-cm vertical incision is made along just medial to the insertion of the pectoralis major tendon, with 2 cm of the incision distal to the inferior border of the tendon and 1 cm superior to this border. The skin and the subcutaneous tissue are incised sharply and dissection is carried down to the pectoralis major and coracobrachialis tendons. Then, the horizontal fibers of the pectoralis major are identified and fascia is incised longitudinally in line with the humerus. At this point, digital palpation through this fascial defect should allow localization of the biceps tendon and confirmation of the correct dissection plane. A right-angled clamp is then inserted deep to the biceps tendon to aid delivery out of the incision. The tendon is transected 20 to 25 mm proximal to the musculotendinous junction, to maintain the proper lengthtension relationship. A high-strength suture is placed in the remaining tendon with use of a whipstitch technique (Fig. 1) . A pointed Hohmann retractor is then placed around the lateral border of the humerus for lateral and proximal retraction of the pectoralis major tendon. Medially, a Chandler retractor is placed around the medial humeral border and deep to the coracobrachialis to protect the medial neurovascular structures. Gentle and careful retraction prevents traction injuries to surrounding nerves. Then, the osseous bed is prepared and is centered 1 cm proximal to the inferior border of the pectoralis major.
After identification of the appropriate tenodesis site, the surgeon chooses his fixation preference. A variety of fixation implants and techniques are available. Bone tunnels [43] [44] [45] , interference screws [42•] , suture anchors [46, 47] (Sanders), cortical button [48] , keyhole [49] , and soft-tissue tenodesis are described techniques. The use of bone tunnels combined with interference screw fixation is the most commonly used technique because of biomechanical evidence demonstrating superior pull-out strength of the screw and tendon [50] [51] [52] . Tunnel location in the center of the intertubercular groove should be 1 cm proximal to the inferior border of the pectoralis major tendon and, with use of a cannulated reamer, should be drilled to the appropriate depth and diameter, depending on the implant and the size of the tendon. When relying on suture anchor fixation, frequently two anchors are chosen with the distal of the two placed in the same location as the tunnel used for the interference screw. The proximal anchor is inserted 1 cm superior to the first in the intertubercular groove. For the bone tunnel technique, one bone tunnel is drilled at the same location as for the interference screw fixation, and then two smaller tunnels are drilled distally with a 1-cm osseous bridge. The tendon is pulled through the proximal tunnel, and then the two limbs of the whipstitch are brought out through the distal tunnels and are tied over the osseous bridge.
Clinical outcomes after open subpectoral LHB tenodesis
In most available studies in the literature, LHB tenodesis is usually performed in association of other shoulder procedures with no isolation for specific biceps pathology. However, enough evidence is available to support that open subpectoral LHB tenodesis is a safe, reliable, and effective treatment for LHB pathology. It provides excellent pain relief and functional outcomes with low complication rates [52] [53] [54] [55] [56] [57] [58] 59 open subpectoral LHB tenodesis with either interference screw (n = 34) or suture anchor fixation (n = 54). After an average follow-up of 13 months, both groups had significant improvement in the visual analog scale pain (VAS), ASES scores, and abbreviated Constant scores. The suture anchor group demonstrated a higher rate of intertubercular grove pain (7 %) compared to interference screw group [61] , but otherwise there was no difference between groups. Nho et al. studied the outcomes of the open subpectoral LHB tenodesis with interference screw in conjugation with arthroscopic rotator cuff repair. All 13 patients with an average 13 months of follow-up demonstrated significant clinical improvement in both ASES and SST scores [62] . None of these patients reported intertubercular groove pain.
Furthermore, Osbahr et al. reported a more favorable cosmetic outcome for LHB tenodesis compared to tenotomy [40] . Gombera [68] .
For patients with fixation failure or continued anterior shoulder pain, revision LHB tenodesis is safe and effective. Heckman et al. [69] and Gregory et al. [70] showed that revision LHB tenodesis can lead to excellent pain relief and functional outcomes. More recently, Anthony et al. [71] reported a significant improvement in clinical outcome and predictable return to activity in 11 patients with an average 2.6 years follow-up, who were treated with an open subpectoral tenodesis for auto-rupture or failed LHB tenotomy. Similar results were reported by Euler et al., who evaluated the clinical results of open subpectoral tenodesis for LHB tendon ruptures comparing chronic primary and postsurgical revision LHB tendon ruptures. All 25 patients at an average follow up 3.8 years had significantly improved Subjective Proximal Biceps Score (SPBS), ASES, and SF-12 PCS scores with no difference among the groups [72] .
Complications after open subpectoral LHB tenodesis
Potential complications after an open subpectoral LHB tenodesis include hematoma, seroma formation, hardware failure, bioabsorbable screw reaction, persistent anterior shoulder pain, stiffness, humeral fracture, complex regional pain syndrome (CRPS), infection, and neurovascular injury [52] [53] [54] 73] . Nho et al. reported a complication rate of 2 % in 353 patients over 3 years [53] , including two patients with persistent intertubercular groove pain, two patients with a BPopeye^deformity from fixation failure, one patient with a deep infection, one patient with musculocutaneous neuropathy, and one patient with a complex regional pain syndrome. Abtahi et al. found a 7 % complication rate in 103 patients, [55, 74] . Size and eccentricity of the tenodesis screw hole are risk factors for humeral fracture. Studies showed a significant reduction in humeral strength with eccentric screw positioning and a reduced torsional strength by up to 60 % when a hole with a diameter of 50 % of the outer bone diameter is drilled. Thus, surgeons should always aim to minimize tunnel size and obtain a central position when using a subpectoral LHB tenodesis technique. [55, 58, 75] .
Arthroscopic LHB tenodesis
LHB tenodesis can be accomplished completely arthroscopically, eliminating the need for a separate incision as required by the open subpectoral technique. This technique is appealing as biceps pathology can be addressed concomitantly with additional shoulder pathologies, including rotator cuff tears, labral tears, or impingement, without the need for a separate incision. Several techniques for arthroscopic LHB tenodesis have been described, which can be categorized according to the location of tenodesis and the method of fixation. Three broad categories for arthroscopic LHB tenodesis have been described: high (at the entrance to or within the bicipital groove), low or suprapectoral (just above the pectoralis major tendon at the inferior extent of the bicipital groove), and a soft tissue tenodesis, which is carried out most commonly high with suturing of the tendon remnant to the rotator interval tissue or incorporating it to the anterior extent of a concomitant rotator cuff repair [2, 76•, 77, 78, 79•, 80-93] . The earliest trials of arthroscopic LHB tenodesis started in the early 2000s and recommended high fixation just below the articular cartilage margin within the bicipital groove, leaving a considerable amount of residual biceps tendon proximal to the pectoralis major tendon [76•, 81, 82, 86, 94] . More recently, some authors have advocated for a low suprapectoral position, just proximal to the pectoralis major tendon. This lower position has developed over concern that retained tendon or tenosynovium can lead to persistent bicipital groove pain [79•, 95] .
The tendon can be fixated using a variety of methods, which include interference screws, suture anchors, and cortical button constructs. Multiple studies have supported the use of suture anchor fixation for arthroscopic LHB tenodesis [61, 82, 88, 94] . Interference screw fixation is another commonly reported method of fixation for arthroscopic LHB tenodesis, initially described by Boileau et al. [76•] . Multiple studies have since supported the use of interference screw fixation for arthroscopic LHB tenodesis [79•, 81, 86] .
An arthroscopic LHB tenodesis involves an initial diagnostic arthroscopy. The tendon is then usually arthroscopically released from its superior labral attachment. In order to maintain the length and tension relationship of the tendon, multiple studies have described placing a percutaneous spinal needle through the tendon prior to the release [79•, 95, 96] . Others have described the placement of traction sutures to allow exteriorization of the tendon through the skin portals [76•, 81, 86, 88, 97] . Some techniques advocate performing the tenodesis technique prior to LHB tenotomy. Once the tendon is released, additional anterior or anterolateral portals are created to access the tendon and its fixation site as needed. The tendon is then fixed as per the surgeon preference with use of a variety of methods, including interference screws or suture anchor fixation.
Clinical outcomes after arthroscopic LHB tenodesis
Clinical outcomes of arthroscopic LHB tenodesis are not as well-reported as those of open subpectoral tenodesis. However, published studies have reported reasonable outcomes in terms of function and pain relief ( Table 2) . Boileau et al., in a study of 43 patients who had arthroscopic LHB tenodesis with a bioabsorbable interference screw, reported a significant improvement in the Constant score (43 preoperatively to 79 postoperatively) [76•] . There was no loss of elbow movement and biceps strength was 90 % of the contralateral side. The shape and contour of the biceps was conserved in all but two patients. Nord et al. reported the preliminary results of 11 patients who were followed for an average of 2 years after arthroscopic LHB tenodesis with suture anchor fixation [82] . Ninety-one percent of the patients had a good or excellent result according to the University of California at Los Angeles (UCLA) scale, and 100 % of patients were satisfied with the cosmetic result. Boileau et al. advocated the use of arthroscopic LHB tenodesis with an interference screw as an alternative technique for the treatment of type-II SLAP lesions [26] . In this study, 10 patients underwent SLAP repair with suture anchors and 15 patients underwent arthroscopic LHB tenodesis with an interference screw. In the tenodesis group, the average Constant score improved from 59 to 89 points and 93 % of the 15 patients were satisfied. Thirteen (87 %) of the 15 patients in the LHB tenodesis group were able to return to the previous level of sports participation, compared with only two (20 %) of the 10 patients in the SLAP repair group. Similar results were reported by Denard et al. [98] comparing arthroscopic LHB tenodesis with biceps repair for isolated type II superior labrum anterior and posterior (SLAP) lesions in patients older than 35 years. In this study, 22 patients underwent SLAP repair (repair group) and 15 patients underwent a LHB tenodesis. In the tenodesis group, functional outcome improved from baseline to final follow-up using the ASES (43.4 to 89.9, respectively) and University of California, Los Angeles (UCLA) scores (19.0 to 32.7, respectively; P < 0.0001). No difference was found in functional outcome between the groups.
Lutton et al., in a retrospective study of 17 patients who underwent arthroscopic suprapectoral LHB tenodesis with an interference screw, compared the clinical outcomes for tenodesis location, either within the upper half of the groove (five patients) or in the lower half of the groove or shaft (12 patients) [99] . Two patients with tenodesis in the upper half of the groove had persistent groove pain while all patients in the other group were asymptomatic at the 12-month follow-up. The overall ASES score improved from 49 points preoperatively to 78 points postoperatively, and the average Constant score improved from 58 points preoperatively to 81 points postoperatively. No substantial complications or noticeable deformity of the biceps muscle were noted. Werner et al. compared arthroscopic suprapectoral and open subpectoral LHB tenodesis and reported excellent clinical outcomes for both groups. After an average follow-up of 37 months in 82 patients, there was no significant difference between groups, except the arthroscopic group had more stiffness [60•] . This finding was supported by another study by Werner [100] where the arthroscopic group (17. Soft-tissue tenodesis techniques also have been described but have been associated with a higher rate of failure as compared with suture anchor and interference screw techniques. Scheibel et al. compared 30 patients who had arthroscopic soft-tissue LHB tenodesis and 27 patients who had bony fixation suture anchor tenodesis [84] . They reported a better long head of the biceps score, examiner-dependent evaluation of the cosmetic result, and structural integrity of the tenodesis construct in the bony fixation anchor tenodesis group as compared with the soft-tissue tenodesis group. Sekiya et al. presented a description of a percutaneous soft-tissue technique (PITT) and reported predictable pain relief, absence of cosmetic deformity, and good patient satisfaction in their 4-year experience using this technique [78] . Delle Rose et al., in a retrospective study of 56 patients who underwent arthroscopic soft tissue LHB tenodesis, reported a significant improvement in the clinical outcome scores (Constant score (48.9 to 84.9), VAS (8.8 to 1.4) and DASH score (55.8 to 11.4), and a failure rate of 5.3 % (3 cases)) [103] .
Complications after arthroscopic LHB tenodesis
Potential complications following arthroscopic LHB tenodesis are similar to those for open subpectoral tenodesis and include hematoma, seroma formation, hardware failure, bioabsorbable screw reaction, persistent anterior shoulder pain, stiffness, length-tension mismatch, humeral fracture, complex regional pain syndrome (CRPS), infection, and neurovascular injury, although the latter is much less common in arthroscopic tenodesis than in open procedures given the proximity of neurovascular structures [52] [53] [54] . Werner et al. noted an increased rate of early postoperative stiffness in patients who underwent arthroscopic LHB tenodesis (17.9 %) compared with open subpectoral tenodesis (5.6 %). This ROM discrepancy responded well to physical therapy and was not noted at minimum 2-year follow-up in a subsequent series published by the same author. Finally, residual groove pain was thought to be associated with high arthroscopic LHB tenodesis. However, Bradly et al. [102•] in a recent study of 1083 patients who underwent an arthroscopic LHB tenodesis at the articular margin by interference screw fixation reported a low surgical revision rate and a low rate of residual pain.
Conclusions
The role of the LHB in shoulder function and pathology remains a source of controversy. Lesions of the long head of the biceps tendon are considered an important cause of shoulder pain and dysfunction. However, there is a lack of consensus in the literature regarding surgical treatment of LHB conditions. Different options exist for LHB tenodesis, including open and arthroscopic techniques, supra-pectoral and subpectoral, as well as fixation options including endobutton, suture anchor, tenodesis screw, and soft tissue-based techniques. Currently, clinical outcomes of LHB tenodesis are good, providing improved pain, function and return to sport, regardless of technique. Complications are uncommon and can occur with all techniques. However, the published literature evaluating clinical outcomes and complications of LHB tenodesis is primarily limited to level III and IV studies, single surgeon observational studies with small numbers (most less than 50 patients), and short-term follow-up (most less than three years). These often involve a variety of diagnoses and are often associated with other procedures. Therefore, any recommendations based on review of the published literature require further investigation.
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